Abstract. Previous studies have indicated that mast cells are critical for the pathogenesis of inflammatory diseases. Proteases released from mast cells have been reported to stimulate protease-activated receptors (PAR), which induces microleakage and widespread inflammation. In order to investigate the pro-inflammatory effect of PAR-2 activation on adipose inflammation in obese mice, the varying distributions of macrophages and PAR-2 in adipose tissue samples were compared between C 57 BL/6J (C 57 ) and obese mice [B6(D)-Lepr db /J, BKS(D)-Lepr db /J and B6.V-Lep ob /J (ob/ob)] using immunohistochemical staining. Murine primary adipocytes and bone marrow-derived macrophages (BMDMs) were used and the alterations in expression levels of inflammatory factors, induced by PAR-2 activation, were detected by reverse transcription-quantitative polymerase chain reaction and ELISA. In addition, the migratory capacity of primary BMDMs and the macrophage cell line, RAW264.7 were evaluated by co-culture with primary adipocytes. The current study demonstrated a larger number of macrophages in the adipose tissues of obese mice compared with C 57 mice. Furthermore, PAR-2 expression was detected in various adipose tissues of mice and the protein expression levels of PAR-2 were observed to be significantly higher in the total adipose tissues of ob/ob mice when compared with the C 57 mice. The expression levels of inflammatory factors were increased in adipocytes and macrophages, and enhanced migratory ability was observed in macrophages pretreated with PAR-2 agonists. The data of the current study suggests that PAR-2 is involved in the process of obesity-associated chronic low-grade systemic inflammation, which indicates that the PAR-2 signaling pathway may be a potential target for the treatment of obesity and its associated diseases.
Introduction
Chronic low-grade inflammation is a fundamental characteristic of obesity (1) and the predominant cause of metabolic disorders (2) . In obese adipose tissues, increased expression levels of markers of inflammation, including interleukin (IL)-6, tumor necrosis factor-α (TNF-α), intercellular adhesion molecule 1 and monocyte chemotactic protein-1 (MCP-1) are observed, in addition to increased infiltration of macrophages (3). Cottam et al (4) observed that inflammatory factors, such as IL-6 and TNF-α in the adipose tissues were predominantly secreted by the infiltrated macrophages.
Altintas et al (5) observed that the adipose mast cells in obese mice were significantly increased and that the mast cells of the epididymal fat released IL-6 via degranulation. In a previous study, an increase in mast cells was identified in the adipose tissue of obese mice and tryptase was observed to be positive-stained in the mast cells (6) . However, little is known regarding the association between mast cells and macrophages during the inflammatory process of obesity. During the degranulation process, tryptase, a key inflammatory mediator that is released from mast cells, and protease activated receptor 2 (PAR-2) activation (mediated by tryptase) may be involved in the inflammatory process of obesity (7) .
PAR-2 is a G protein-coupled receptor that is widely expressed in various human cell types, which mediates multiple transmembrane signal transduction pathways, such as extracellular signal-related kinase 1/2, p38 and c-Jun N-terminal kinase (8) . PAR-2 additionally serves important physiopathological roles in tissue regeneration, angiogenesis and inflammation (8) . Mast cell tryptase, trypsin and tissue factor are the predominant ligands of PAR-2 (9) . Previously, the inflammatory role and associated mechanisms of PAR-2 have caused concern; previous studies have identified that activation of PAR-2 may upregulate the expression of inflammatory factors, including IL-1β, IL-6 and TNF-α in endothelial cells (10) (11) (12) .
In the present study, the expression level of PAR-2 in the ob/ob obese mice was assessed. The effects of PAR-2 activation on expression of inflammatory factors were evaluated in the primary murine adipocytes, primary murine bone marrow-derived macrophages (BMDMs), and the murine macrophage cell line, RAW264.7. The current study aimed to further elucidate the pro-inflammatory role of PAR-2 in the adipose tissues of obese mice.
Materials and methods

Experimental animals and cell lines.
A total of 36 male 6-week old C 57 BL/6J (C 57 ) mice were purchased from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). The B6(D)-Lepr db /J (B6-db/db), BKS(D)-Lepr db /J (BKS-db/db) and B6.V-Lep ob /J (ob/ob) mice were purchased from the Biomedical Research Institute of Nanjing University (Nanjing, China). All mice were raised in a non-sterile environment and normal light cycle (12 h/12 h) at room temperature (25±1˚C) and 55±5% humidity with ad libitum access to normal chow. The mice were all housed in groups of three to five individuals in plastic mouse cages (16x12x28 cm) and sacrificed within 2 weeks of purchase. Approval for the current study was obtained from the Experimental Animal Ethics Committee of Shanghai Medical College, Fudan University (Shanghai, China; permit no. 20110307-027). The RAW264.7 and L929 murine macrophage cell lines were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China).
Immunohistochemistry. Immunohistochemistry was performed using multiple adipose tissue samples obtained from the mice in order to assess the distribution of the macrophages, including the subcutaneous, epididymal, scapular, perirenal and omental adipose tissues. The adipose tissue samples were sliced into sections of ~1.5x1.5x0.3 cm, then fixed in 10% formalin (Shanghai Zhenxing No. 1 Chemical Plant, Shanghai, China), gradient dehydrated, cleared and paraffin-embedded (Leica Biosystems, Wetzlar, Germany). Sections were cut and stained by immunohistochemical staining using polyclonal rabbit antibodies against F4/80 (cat. no. ab96641; Abcam, Cambridge, UK) in order to identify macrophages in the adipose tissues. In brief, the slides were incubated with the rabbit anti-F4/80 polyclonal antibody (1:200 dilution) at 37˚C for 2 h, where normal rabbit serum (Gibco-BRL, Gaithersburg, MD, USA) served as a negative control, followed by incubation with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; cat. no. sc-2054; 1:100) at 37˚C for 1 h. The signals were detected using the Diaminobenzidine Substrate kit (Vector Laboratories, Inc., Burlingame, CA, USA). Counterstaining was performed with hematoxylin (Dako, Glostrup, Denmark Primary culture of the murine adipocytes. The 6-8 week old male C 57 mice were selected. Subsequent to anesthesia via an abdominal injection of 6% chloral hydrate (Sigma-Aldrich, St. Louis, MO, USA) at 0.5 ml/100 g of body weight and immersion disinfection (75% ethanol, Shanghai Zhenxing No. 1 Chemical Plant), the mice were transferred to the surgery platform for sample collection. Subsequent to obtaining the samples, the epididymal adipose tissues were immediately placed into cold phosphate-buffered saline (PBS) containing penicillin (100 U/ml) and streptomycin (100 µg/ml) all purchased from Life Technologies (Grand Island, NY, USA). The tissues were sliced as small as possible (~1 mm 3 ), washed three times with PBS, then soaked in collagenase-I solution (Sigma-Aldrich) at 37˚C and agitated for 60-90 min. The digestion was terminated by Dulbecco's modified Eagle's medium (DMEM) containing 10% serum. Subsequent to screening and washing with PBS, the stromal vascular fraction (SVF) cells were centrifuged at 400 x g for 10 min at room temperature. The DMEM/F12 containing 10% calf serum (Gibco-BRL) was used to culture the cells. The medium was replaced 12 h later in order to exclude the unattached cells and the culture medium was replaced every 2-3 days for the duration of the experiment. Following an additional 6-7 days, the diphenylmethane-4,4'-diisocyanate (MDI) induction method was initiated when the SVF cells exhibited contact inhibition. During the first 3 days of the MDI induction method the culture medium was DMEM/F12 containing fetal bovine serum (FBS) and 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich), then it was replaced by serum-free DMEM/F12 containing IBMX, dexamethasone (Dex) and insulin (In). The culture medium was replaced every 2-3 days until the appearance of lipid droplets.
Primary culture of murine BMDMs. Briefly, subsequent to anesthesia and immersion disinfection, the long bones of the mice were removed and soaked in conditioned culture medium (20% L929 supernatants, 60% serum-free DMEM, 20% FBS, 2 mmol/l glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin). The L929 supernatants were acquired as follows: 5x10 5 L929 cells were seeded into the 75 cm 2 culture flasks and cultured in an incubator at 37˚C, 5% CO 2 and saturated humidity for 7 days without medium change. Following harvesting, the supernatants were filtrated through the 0.22 µm filter and then stored at -70℃. The two ends of the bones were cut off by eye scissors and marrow was eluted into 50 ml conical tubes with conditioned culture medium using 10 ml syringes and 25 G needles. All products were purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA) unless otherwise stated. The marrows were filtered through a 200-mesh screen (Thermo Fisher Scientific) to exclude impurities, such as adipose tissues. Subsequent to 10 min of centrifugation at 400 x g at room temperature, the cells were resuspended in the conditioned culture medium, seeded into a 6-well plate and incubated at 37˚C in an atmosphere of 5% CO 2 and 95% humidity.
Subsequent to culture for an additional 3 days, the medium was replaced by DMEM, which contained 10% FBS. The medium was replaced every 2-3 days. Cells were used for experiments when the confluency approached ~80%.
Oil Red O staining. Lipid droplets were observed by Oil Red O staining, which are a feature of mature adipocytes. Briefly, the cells were washed twice with PBS and fixed in 3.7% formaldehyde at room temperature for 1 h, then washed three times with PBS and stained with 2 ml oil red solution (Sigma-Aldrich) for a further 1 h. Images were captured of the stained cells randomly under light microscopy.
Western blot analysis. BMDMs were lysed using radioimmunoprecipitation assay buffer lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) on ice for 30 min, and then the cells were centrifuged at 4˚C at 10,000 x g (Thermo Fisher Scientific) for 10 min to collect supernatants. A total of 30 µg protein was separated by 10% SDS-PAGE (Merck, Kenilworth, NJ, USA) and transferred onto a polyvinylidene difluoride membrane (Invitrogen Life Technologies). Subsequent to blocking with 5% milk for 1 h at room temperature, the membrane was incubated with rabbit anti-mouse PAR-2 antibody (Abcam; cat. no. ab124227; 1:250) for 2 h and with the goat anti-rabbit IgG-horseradish peroxidase secondary antibody (Santa Cruz Biotechnology, Inc.; cat. no. sc-2054; 1:100) for 1 h at room temperature. The result was detected by enhanced chemiluminescence (Pierce, Biotechnology, Inc., Rockford, IL, USA) according to the manufacturer's instructions. GAPDH (Santa Cruz Biotechnology, Inc.; cat. no. sc-25778, 1:2,000) was used as a loading control.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-qPCR was conducted to quantify the expression levels of IL-1β, IL-6, TNF-α, cyclooxygenase (COX)-2, MCP-1 and matrix metalloproteinase (MMP)-2 in the murine adipocytes with or without PAR-2 agonist peptide, SLIGKV (400 µM; Sigma-Aldrich), as well as the expression levels of PAR-2, Fas, Fas-ligand (FasL), IL-1β, IL-6, TNF-α, MCP-1 and transforming growth factor (TGF)-β in BMDMs. TRIzol reagent (Invitrogen Life Technologies) was used to extract the RNAs of the murine adipocytes and BMDMs. cDNAs were obtained using a reverse transcription kit (Toyobo, Osaka, Japan). The 20-µl reaction mixture was comprised as follows: 5 µl cDNA, 10 µl SYBR Green Supermix (Bio-Rad Laboratories BV, Veenendaal, Netherlands), 1 µl upstream and downstream primers (0.5 µl each) and 4 µl ddH 2 O. The reaction conditions were as follows: 95˚C Initial denaturation for 3 min (1 cycle), 95˚C denaturation for 15 sec, annealing for 30 sec and 72˚C extension for 15 sec (40 cycles). Assays were carried out using the iCycler iQ™ Real-Time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with the primers shown in Table 1 .
ELISA. ELISA was performed strictly following the manufacturer's instructions, in order to detect the expression levels of MCP-1 in the supernatants of the BMDMs and RAW264.7 cells. Optical density (OD) values at 450 nm were detected by the automatic microplate reader (GENios; Tecan Group Ltd., Männedorf, Switzerland).
Transwell cell migration assay. The Transwell cell migration assay was used to assess the migratory ability of RAW264.7 cells. The mature primary adipocytes were seeded into the lower chamber (density, 2x10 6 /ml) and the RAW264.7 were seeded into the upper chamber (volume, 200 µl/well; cell density, 5x10 5 /ml; Corning Incorporated, Corning, NY, USA). After a 24 h incubation at 37˚C in a 5% CO 2 incubator (Thermo Fisher Scientific), the upper surface of the chamber filter was wiped off using a cotton swab. The cells that migrated through the filter were fixed and stained with 0.5% crystal violet (Sigma-Aldrich), and four fields were randomly selected for imaging and cell counting under an inverted microscope (Olympus IX71; Olympus, Tokyo, Japan). Cells were lysed with 100 µl 33% acetic acid solution (Sigma-Aldrich) in ethanol prior to reading the OD value for each well at 562 nm with the automatic microplate reader. Statistical analysis. The data are expressed as the mean ± standard deviation and were analyzed using Student's t-test and one-way analysis of variance using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Macrophage infiltration and PAR-2 expression in the adipose tissues of mice.
Western blotting was used to detect the PAR-2 expression levels in different adipose tissues in mice (Fig. 1A) . PAR-2 expression was assessed in various adipose tissues of the C 57 mice, including the subcutaneous, epididymal, scapular, perirenal and omental adipose tissues. The protein expression level of PAR-2 was observed to be significantly greater in the total adipose tissues of ob/ob mice when compared with that of the C 57 mice (Fig. 1B; P<0 .05).
The presence of macrophages in the adipose tissues was observed by immunohistochemical staining of F4/80. Fig. 1C presents the F4/80-positive granules specific to the macrophages in the epididymal adipose tissues of BKS-db/db mice. Notably, a larger number of macrophages were observed in the adipose tissues of obese (BKS-db/db) mice than the C 57 mice.
PAR-2 is expressed in the murine adipocytes and BMDMs.
BMDMs and primary murine adipocytes were cultured and identified. As presented in Fig. 2A (left panel) , following culture for 3 days, macrophage progenitor cells were observed, and 6-7 days later mature macrophages were observed by light microscopy. The BMDMs were digested and then placed upon the glass slides (in the 24-well plates). When the cells were reattached, immunohistochemical analysis of F4/80 was conducted. Figure 2A (right panel) illustrates the F4/80-positive granules in the BMDMs. Fig. 2B presents the culture and identification of the primary murine adipocytes. Subsequent to the appearance of contact inhibition in the SVF cells (commonly at 6-7 days following cell attachment; Fig. 2Ba and Bb), MDI induction was initiated: Culture for 3 days with DMEM/F12 (containing 10% calf serum and 11.5 mg/ml IBMX) then culture for 4-5 days with serum-free DMEM/F12 (containing 11.5 mg/ml IBMX, 1 mg/ml In and 390 ng/ml Dex). Lipid droplets were observed by Oil Red O staining (Fig. 2Bc and Bd), which are a feature of mature adipocytes.
RT-qPCR and western blotting of PAR-2 were performed subsequent to extracting the RNA and protein of the primary murine adipocytes and BMDMs ( Fig. 2C ; upper panel presents the mRNA expression and the lower panel presents the protein expression). As demonstrated in Fig. 2C , PAR-2 was observed to be expressed in the adipocytes and BMDMs.
PAR-2 agonists upregulate the mRNA expression of inflammation-associated cytokines in the murine primary adipocytes.
Subsequent to a 12-h treatment with the PAR-2 agonist, the total RNAs of the adipocytes were extracted to detect the expression levels of the following inflammation-associated cytokines: IL-1β, IL-6, TNF-α, COX-2, MCP-1 and MMP-2. The results of RT-qPCR indicated that the mRNA expression levels of IL-1β, IL-6, TNF-α and COX-2 were significantly higher in the treatment group when compared with the control group ( Fig. 3; P<0 .05).
Adipocytes and PAR-2 agonists upregulate mRNA expression levels of inflammation-associated cytokines in the BMDMs.
Subsequent to treatment with the supernatants of the adipocytes and PAR-2 agonists, simultaneously or separately, the total RNAs of the BMDMs were extracted to detect the expression levels of the following inflammation-associated cytokines: Fas, FasL, IL-1β, IL-6, TNF-α, MCP-1 and TGF-β. The results indicated that the mRNA expression levels of Fas, IL-6 and MCP-1 were significantly increased in the PAR-2 agonist group when compared with the control group (P<0.05). In addition, mRNA expression levels of FasL, IL-6 and MCP-1 were also significantly higher in the adipocyte supernatant group than in the control group (P<0.05). Additionally, it was observed that compared with the adipocyte supernatant group, the co-culture of adipocyte supernatants and PAR-2 agonists further increased the mRNA expression levels of Fas, FasL and MCP-1 (Fig. 4; P<0.01 ).
Adipocytes and PAR-2 agonists upregulate protein expression levels of MCP-1 in the BMDMs
. Subsequent to treatment with the supernatants of the adipocytes and PAR-2 agonists simultaneously or separately, the expression levels of MCP-1 in BMDMs were measured using the ELISA assay. The results indicated that the adipocytes and PAR-2 agonists upregulated the expression levels of MCP-1 in BMDMs (Fig. 5 ).
Adipocytes and PAR-2 agonists promote the migratory ability of RAW264.7 cells. The cell distribution is presented in Fig. 6A . RAW264.7 cells at a concentration of 5x10 5 cells/well were used in the current study. PAR-2 agonists were evenly added into the serum-free DMEM used in the lower chambers with or without adipocytes. Cell migrations were measured subsequent to a 12-h co-incubation. with either of the single treatment groups, co-incubation of PAR-2 agonists and adipocytes further enhanced the migratory ability of RAW264.7 cells (P<0.05).
Discussion
Chronic low-grade systemic inflammation is one of the features and fundamental pathological processes in obesity-associated diseases (13) . As an important endocrine organ, adipose tissue is able to secrete numerous hormones and cytokines, including IL-6, TNF-α, IL-8, IL-1β, MCP-1, leptin and adiponectin (14) . Previous studies have demonstrated that chronic low-grade systemic inflammation is closely associated with endocrine dysfunction in adipose tissues (15) . Cottam et al (4) demonstrated that the serous levels and adipose concentrations of IL-6 and TNF-α were significantly increased in obese patients (4), while IL-6 and TNF-α may interfere with the normal differentiation of adipocytes, and induce their differentiation into pro-inflammatory macrophages (16) . Adipocyte-secreted adiponectin has been previously identified to reduce the TNF-α expression in adipose tissues, however also reduces macrophage infiltration into the adipose tissues (17) . Therefore, adipocyte-secreted inflammatory factors have been suggested to participate and serve an important role in the pathogenesis of obesity. In recent years, the observation of significant infiltration of inflammatory cells within adipose tissue samples has become a cause of concern; it was previously reported that a greater number of adipose macrophages were observed in obese mice and humans compared with normal adipose tissues (18, 19) , which is consist with the results of the current study. Further studies have demonstrated that obesity is associated with macrophage polarization towards the M1 type of pro-inflammatory macrophages (20) and M1 macrophages may secrete inflammation-associated cytokines, including IL-6, TNF-α and IL-12 (21) . Therefore, the obese adipose tissue is hypothesized to be a significant source of pro-inflammatory factors in the circulation. Thus, the current study detected the expression levels of multiple inflammation-associated cytokines in the BMDMs of different treatment groups.
Increasing evidence indicates that mast cells are critical for the pathogenesis of inflammatory diseases (22) . Proteases released from mast cells have been reported to stimulate PARs, induce microleakage and result in widespread inflammation (23) . With serine kinase as the specific ligand, PAR-2 is the only member in the PAR family that is insensitive to thrombin (24) . PAR-2 has been identified to have extensive effects on inflammatory responses in various organs and tissues. Lewkowich et al (25) suggested that activation of PAR-2 in the myeloid dendritic cells may result in allergic airway inflammations. Lindner et al (26) activated PAR-2 in the vascular endothelial cells, demonstrating that this leads to rapid P-selectin-induced leukocyte rolling; however, this phenomenon was observed to be absent in PAR2-deficient mice, indicating that there was a delayed onset of inflammation in PAR-2-deficient mice. Previous studies demonstrated that PAR-2 activation in the vascular endothelial cells significantly increased the recruitment of monocyte macrophages and promoted their capacity to secrete IL-6, TNF-α and IL-1β (27) .
The results of the present study demonstrate that PAR-2 was expressed in the adipose tissues of C 57 mice and obese mice (db/db and ob/ob) and the PAR-2 protein expression level was significantly higher in the adipose tissues of the ob/ob mice than in the C 57 mice (P<0.05). This indicates that PAR-2 may have pro-inflammatory effects in the obese adipose tissues. It was observed that PAR-2 activation significantly increased mRNA expression levels of inflammation-associated cytokines in the murine primary adipocytes, which was consistent with the results of Badeanlou et al (28) . Subsequently, the Transwell cell migration assay was conducted to assess the migratory ability of the RAW264.7 murine macrophage cell lines and it was observed that PAR-2 agonists and adipocytes significantly promoted the migratory ability of RAW264.7 cells (P<0.05). Furthermore, compared with either treatment alone, co-incubation of PAR-2 agonists with adipocytes further enhanced the migratory ability of RAW264.7 cells (P<0.05). Additionally, it was identified with the co-incubation of BMDMs and murine primary adipocytes that PAR-2 activation significantly promoted the mRNA expression levels of Fas, FasL, IL-1β, IL-6, MCP-1, TNF-α and TGF-β in BMDMs (all P<0.05). MCP-1 has been reported to be involved in the recruitment of macrophages (29) and in the results from the ELISA in the current study, PAR-2 activation significantly increased the secretion of MCP-1 in BMDMs (P<0.05). Therefore this may be the cause of the increased infiltration of macrophages identified in the adipose tissues.
In conclusion, it is proposed that PAR-2 participates in the chronic low-grade inflammatory process observed in obesity, and inhibition of PAR-2 activation may be a potential novel therapeutic target for obesity-associated diseases.
